Heroin addiction, a chronic relapsing disorder characterized by excessive drug taking and seeking, requires constant psychotherapeutic and pharmacotherapeutic interventions to minimize the potential for further abuse. Vaccine strategies against many drugs of abuse are being developed that generate antibodies that bind drug in the bloodstream, preventing entry into the brain and nullifying psychoactivity. However, this strategy is complicated by heroin's rapid metabolism to 6-acetylmorphine and morphine. We recently developed a "dynamic" vaccine that creates antibodies against heroin and its psychoactive metabolites by presenting multihaptenic structures to the immune system that match heroin's metabolism. The current study presents evidence of effective and continuous sequestration of brain-permeable constituents of heroin in the bloodstream following vaccination. The result is efficient blockade of heroin activity in treated rats, preventing various features of drugs of abuse: heroin reward, drug-induced reinstatement of drug seeking, and reescalation of compulsive heroin selfadministration following abstinence in dependent rats. The dynamic vaccine shows the capability to significantly devalue the reinforcing and motivating properties of heroin, even in subjects with a history of dependence. In addition, targeting a less brainpermeable downstream metabolite, morphine, is insufficient to prevent heroin-induced activity in these models, suggesting that heroin and 6-acetylmorphine are critical players in heroin's psychoactivity. Because the heroin vaccine does not target opioid receptors or common opioid pharmacotherapeutics, it can be used in conjunction with available treatment options. Thus, our vaccine represents a promising adjunct therapy for heroin addiction, providing continuous heroin antagonism, requiring minimal medical monitoring and patient compliance.
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immunotherapy | antinociception | progressive ratio O piate abuse is a global problem, with nearly 20 million estimated users annually (1) . Heroin/opium use is prevalent among roughly 0.5% of the world population, including within the United States, and nearly double this rate in Eastern European countries. Despite a rise in use, synthetic opioids still only significantly outnumbers heroin use within North America (2) . Heroin dependence is associated with increased health risks for the user and substantial societal costs attributable to illicit use and loss of productivity. Heroin continues to be the illicit drug with the greatest associated risk of user mortality and criminal activity (3) . In addition to traditional psychotherapy (4), numerous pharmaceutical agents are available to assist in the maintenance of opiate abstinence. Substitution therapy with long-acting opioid drugs, such as methadone (5) and buprenorphine (6) (or less commonly heroin itself; ref. 7) , is effective at reducing craving for heroin and illicit opiate use. However, substitution therapy is fettered by an inherent risk for continued dependence symptomology (8) and relapse, in addition to potential adverse effects caused by continued opioid use (9) (10) (11) . Heroin blockade with naltrexone, an opioid receptor antagonist, has also proven effective in the management of heroin addiction, with extended-release injection formulations and implants that improve compliance. However, there is some debate about the extent of side effects caused by long-term opioid receptor blockade (12, 13) , including evidence of altered production of endogenous opioids and opioidresponsive hormones (14, 15) . Additionally, resensitization of opioid receptors by naltrexone results in an increased risk of overdose of heroin or other opiates upon relapse (16) .
Most evidence suggests that the continued and medically monitored use of available pharmacotherapies can provide a high likelihood of long-term abstinence (7) . However, access to treatment programs can be difficult even within countries that permit such community-and physician-directed programs. Existing therapeutic options require uninterrupted access to medical providers for administration and monitoring, and low rates of compliance and retention in programs are highly predictive of relapse. Immunopharmacotherapy, designed to produce antibodies that bind drugs of abuse within the bloodstream and blunt passage into the brain, may provide an alternative to pharmacotherapy with comparatively less effort required to maintain patient compliance. Such an approach could provide a lasting defense against the drug's psychoactivity, with a minimal risk of long-term side effects (17) (18) (19) . Recent inquiries into immunopharmacotherapy against drugs of abuse have advanced our understanding of how to design vaccines to target addictive compounds, with heroin being an exceptional case.
Within seconds of injection, heroin undergoes rapid deacetylation to 6-acetylmorphine (6-AM) and subsequently morphine, both of which are active metabolites. Because of heroin's metabolic lability and the diverse properties (e.g., opioid activity, brain permeation, and half-life) of its primary metabolites (20) , designing an effective heroin vaccine requires targeting multiple chemical structures. Early opiate vaccine designs presented the alkaloid region of morphine, common to most drugs in the morphine class of molecules (21) (22) (23) . As a consequence, these vaccines elicited nonselective opiate antibodies that were readily overcome by increasing the dose (24) . We recently reported a vaccine designed for greater specificity for heroin, in which the bridgehead nitrogen was exploited for conjugation to protein, and the metabolically reactive region of the opioid scaffold was presented for immune recognition. In combination with alum adjuvant protection, this singular immunoconjugate was able to present itself to the immune system in a dynamic, multihaptenic fashion, allowing the elicitation of antibodies with high binding affinity for heroin and 6-AM and modest binding affinity for morphine. This vaccine generated high antibody titers that selectively prevented heroin-induced antinociception and the acquisition of heroin self-administration in prophylactically treated naïve rats (25) . However, the extent to which immunotherapy against opiates, or any drug of abuse for that matter, can prevent compulsive drug seeking and taking in dependent animals remains to be established. The present study evaluated the "dynamic" heroin vaccine for selectivity and efficacy in prototypical models of heroin reward, relapse, and compulsive intake. The models used test the effects of heroin in both drug-naïve and drug-experienced rats (animals with a history of dependence), and required that the vaccine produce a blockade of heroin doses well above those previously examined in our own studies (25) , as well as those of similar nonselective morphine-class vaccines (23, 26) . We also demonstrated that this dynamic vaccine effectively acts as a long-term functional antagonist against heroin activity.
Heroin Vaccine Confers Selective Recognition
Rats were vaccinated with an alum adjuvant suspension containing 100 μg of the carrier protein keyhole limpet hemocyanin (KLH) alone or linked to with either heroin haptens (Her-KLH) or morphine haptens (Mor-KLH). A total of three doses of immunoconjugate were administered over a 28-d period, resulting in anti-heroin antibody titers of at least 1:30,000 (measured by serum ELISA, see Table S1 ) before behavioral testing. This procedure was previously established for this vaccine to produce maximal antibody production, and once completed has been shown to maintain sufficient titer levels (>50% maximal titer) for at least 52 d without further injections (25) . Although titer measurements indicate antibody production in response to KLH presentation, due to the dynamic nature of the Her-KLH vaccine, the titer measured antibodies as judged by simple ELISA using Her-BSA will not accurately convey the true immune response metric being generated to the Her-KLH vaccine. Rather, a more accurate predictor of the efficacy of an active vaccination against heroin should be based upon retention of drug within the bloodstream, limiting distribution to the brain. Heroin metabolites were measured by liquid chromatography-tandem mass spectrometry (LC-MSMS) in serum after either i.v. (0.5 mg/kg) or i.p. (1.5 mg/kg) heroin administration. Her-KLH-treated rats showed significantly greater sequestration of heroin (F 2,13 = 37, P < 0.001) and 6-AM (F 2,13 = 26, P < 0.001) in blood compared with Mor-KLH-and KLH-treated controls (Fig. 1) . Similarly, Mor-KLH-treated rats exhibited selective retention of morphine (F 2,13 = 35, P < 0.001) in the bloodstream compared with the Her-KLH and KLH groups. The dynamics of i.v. heroin metabolite binding within the bloodstream were consistent with the known pharmacokinetics of heroin. Within minutes, the heroin concentration dropped precipitously, coinciding with increased levels of 6-AM. After ∼15 min, the serum morphine concentration began to rise (Fig. S1 ). Of particular significance in the i.p. time course, a lag in peak heroin concentration was apparently attributable to antibody sequestration after distribution through the visceral tissue into the bloodstream (F 2,13 = 13, P = 0.001) and its primary metabolite 6-AM (F 2,13 = 332, P < 0.001). Serum morphine levels again increased in Mor-KLH-treated rats (F 2,13 = 8.6, P = 0.004) after 15 min. In Her-KLH-treated rats, serum 6-AM levels persisted longer than typical observations in heroin addicts (27, 28) , suggesting that antibody-drug binding within the bloodstream may protect the labile 6-acetyl group against hydrolysis.
We previously reported that our Her-KLH vaccine prevented heroin-induced antinociception but did not mitigate antinociception using the structurally similar morphine-class analgesic oxycodone (25) . To further evaluate the specificity of protection conferred by this vaccine design, we examined a fuller range of opiate analgesics, but also drugs typically used as part of opioid replacement therapy. Consistent with our previous findings, Her-KLH provided complete blockade of heroin's antinociceptive properties in both the thermal hot plate (F 2,14 = 21, P < 0.001) and mechanical von Frey filament (F 2,15 = 7.4, P = 0.006) assays, whereas Mor-KLH failed to prevent heroin-induced antinociception (Fig. 2) . Her-KLH-treated rats also showed sufficient protection against morphine-induced thermal (F 2,33 = 5.3, P = 0.01) and mechanical (F 2,33 = 5.1, P = 0.01) antinociception, similar to the effects of Mor-KLH. Mor-KLH prevented the decrease in codeineinduced thermal sensitivity (F 2,15 = 3.8, P = 0.03), a result consistent with the observation that rats predominantly metabolize codeine to morphine (29) . The responses of Her-KLH-vaccinated rats to therapeutic doses of codeine, buprenorphine, and methadone did not significantly differ from KLH controls, suggesting that the use of these drugs as therapeutics is still viable even after vaccination ( Fig. 2 and Fig. S2 ).
In an attempt to quantify the vaccines' functional antagonism of heroin psychoactivity, drug-naïve rats were administered cumulatively increasing heroin injections until full thermal antinociception was observed in the hot-plate assay. Rats in the KLH control group showed full heroin antinociception starting as low as 1 mg/kg, with the Mor-KLH vaccine rats showing a rightward shift in the dose-response about 2-fold, and Her-KLH rats requiring ∼6-to 7-fold more heroin to produce similar psychoactivity (Fig. S3 ). Regression analyses of the resulting dose-response curves demonstrated significant increases in the Her-KLH group's 50% effective concentration (EC 50 ; F 2,23 = 7.7, P < 0.01) and maximally effective dose (F 2,23 = 14.9, P < 0.001) compared with KLH controls. No correlation was observed between titer levels, as measured by ELISA, and shifts in heroin responding (R 2 = 0.003).
Heroin Vaccine Prevents Heroin Seeking
Although the sequestration of drug in the bloodstream and prevention of its analgesic properties indicate vaccine efficacy, a more meaningful measure of efficacy when evaluating vaccines against drugs of abuse is whether the drug continues to exert rewarding effects. Vaccinated rats were given opiates repeatedly paired with a contextually distinct chamber over 4 d and then examined for drug-induced positive associations with those environmental cues [i.e., conditioned place preference (CPP)]. Saline controls spent slightly more time in the drug-paired side across all vaccine groups because the test drug was paired with the initially less-preferred chamber ("biased" procedure). However, to control for regression to the mean, preference in all of the drug-treated groups was compared with saline controls (as opposed to raw preference in "unbiased" procedure). In addition, it is clear that there was a significant increase in preference above the reversal of the nonpreferred side bias (KLH vs. saline, Fig. 3 ). Heroin (0.4 mg/kg, s.c.) generated robust place preference in the KLH and Mor-KLH groups (F 3,31 = 3.1, P = 0.03), with average increases of 23% and 24%, respectively, in the time spent in the heroin-paired chamber compared with baseline. However, heroin failed to produce CPP in the Her-KLH group compared with saline ( Fig. 3) . Morphine (4 mg/kg, s.c.) also produced a preference for the drug-paired chamber in KLH controls (F 3,31 = 2.9, P = 0.05) but not in Her-KLH-or Mor-KLH-vaccinated rats. Similar differences in heroin preference (KLH: 121.8 ± 52.9 s, Her-KLH: 28.9 ± 53.8 s; n = 5 per group) and similar differences in morphine preference (KLH: 209.0.8 ± 65.1 s, Her-KLH: 54.9 ± 37.1 s; n = 6 per group) scores were obtained from a small subset of rats that did not show an initial bias (<15%) for either chamber, indicating that the blockade of heroin place preference are independent of any chamber bias in the design. These results demonstrate that the Her-KLH vaccine capably prevented the expression of heroin and morphine reward in a common model of drug seeking. Having established the vaccine eliminated drug-context seeking, a common preclinical representation of relapse was examined, namely reinstatement of extinguished heroin self-administration. In addition to being a more active model of drug seeking, it allows the testing of drug-of-abuse vaccine efficacy in drugexperienced rats as opposed to prophylactic treatment in drugnaive rats. Studies using the reinstatement model show that learned extinction of reward seeking on a drug-associated lever can be abruptly reversed by noncontingent reexposure to drug, reintroduction of cues associated with drug reward, and introduction of a stressor (30) (31) (32) . Rats were incrementally trained to press three times for a single heroin infusion [fixed-ratio 3 (FR3)] of 60 μg/kg, signaled by a 20-s cue light over the lever. During the period of vaccination (although not tested on the days of injection), the rats underwent extinction training during 2-h sessions in which pressing the drug-associated lever resulted in neither drug infusion nor activation of the cue light. Neither vaccine treatment altered the speed or extent of extinction learning (Fig.  S4) . Intravenous saline infusion just before an extinction session did not result in significant changes in drug seeking behavior over the 2-h session. However, an i.v. heroin infusion that was equivalent to three heroin doses (180 μg/kg) before the extinction session produced robust drug-associated lever pressing in KLH control rats (Fig. 4A) . Heroin priming of Mor-KLH-treated rats produced a moderate increase in lever pressing. Notably, however, heroin priming was completely ineffective in altering drug responding in the Her-KLH-vaccinated group (Drug × Vaccine interaction: F 2,14 = 4.7, P = 0.02). Whereas Her-KLH vaccination conferred protection against heroin-induced reinstatement, the drug vaccine had no impact on reinstatement elicited by reintroduction of the cue light (Cue: F 2,14 = 51, P < 0.001; Fig. 4B ). Reinstatement elicited by pretreatment with the α 2 -adrenergic antagonist yohimbine (1.25 mg/kg, i.p.), which produces stress responses via noradrenergic stimulation, was also insensitive to drug vaccine (Yohimbine: F 2,14 = 26, P < 0.001). These data indicate that the Her-KLH vaccine was able to prevent heroin-induced, but not cue-or stress-induced relapse.
Halting the Progression of Compulsive Heroin Taking
Finally, our most robust test of the therapeutic viability of the Her-KLH vaccine was to examine whether the vaccine alters the reestablishment of compulsive heroin self-administration in dependent rats with a history of compulsive heroin intake. The 12-h extended-access self-administration model results in significantly increased heroin intake over a period of several weeks, with rats becoming sufficiently tolerant until taking doses typically lethal to heroin-naïve animals. Rats also show signs of physical dependence, reduced food intake, self-mutilation, and increased motivation to work for heroin infusions (33, 34) . A group of extended-access rats that exhibited increases in intake that nearly tripled across 17 sessions were subjected to forced heroin abstinence for 30 d. During this period, the rats were treated with the KLH or Her-KLH vaccine, and then resumed 12 h of free access to heroin. Both KLH and Her-KLH rats resumed lever pressing at levels that were comparable to preabstinence heroin intake, but the KLH group rapidly reescalated heroin intake until it again doubled in a 9-session period ( Fig.  5A; i.e., half the time of the initial escalation). The Her-KLH group maintained steady intake at the level attained before vaccination, without further increasing heroin intake (Session × Vaccine interaction: F 9,90 = 4.5, P < 0.001).
To examine the reinforcing value of heroin infusions, a 6-h progressive-ratio test, in which the per-infusion workload ("price") progressively increases until the rat reaches a breakpoint beyond which it no longer responds for heroin was performed a day after the final 12-h self-administration session. Rats in the KLH group pressed to receive significantly more heroin infusions (t 10 = 2.3, P = 0.04; Fig. 5B ), pressing nearly three times more during the session compared with their Her-KLH counterparts (t 10 = 2.1, P = 0.05; Fig. 5C ). Thus, Her-KLH-vaccinated rats were less Fig. 2 . Vaccination selectively prevents antinociception in designed opiate target, whereas therapeutic opioids maintain activity. Vaccinated rats were tested for thermal and mechanical sensitivity using the hot plate (A) and von Frey filament (B) tests, respectively. Her-KLH completely blocked heroin-induced antinociception, whereas codeine, buprenorphine, and methadone maintained effectiveness. Mor-KLH vaccination prevented morphine-and codeine-induced antinociception but not heroin-induced antinociception. n = 6-7 per group. The data are expressed as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001, compared with KLH controls (Dunnett's post hoc test). Fig. 3 . Opioid vaccination prevents acquisition of reward, reflected by conditioned place preference. Her-KLH rats failed to exhibit a preference for the heroin-or morphine-paired chamber, a preference demonstrated in KLH controls, following 4 d of twice-daily conditioning. Mor-KLH-treated rats exhibited no preference for morphine conditioning but still exhibited heroininduced CPP. n = 9 per group. The data are expressed as mean ± SEM; *P < 0.05, **P < 0.01, greater than saline preference (Dunnett's post hoc test).
"willing" to work for heroin, even after a prior history of compulsive heroin intake.
Despite evidence that vaccine treatment resulted in devaluation of heroin infusions, continued lever pressing suggests a potential role for the associated light cue accounting for some reinforcing properties. The results closely parallel those of the reinstatement studies, where vaccination prevented reemergence of lever responding behavior due to heroin exposure, but was ineffective against preventing similar behavior in response to cues. Continued minimal activity directed at the inactive lever, which does not significantly change across session or vaccine group ( Fig. S5; F 3 ,152 = 0.21, P = 0.89), suggesting a specific behavior directed at the cue-associated lever.
To test this hypothesis, the experiment was repeated with rats trained and tested without a light cue associated with an active lever infusion. The overall rate and amount of drug intake was not significantly different compared with the previous group with light cues. However, the animals without light cues showed an increased incidence of timeout lever pressing. Relying only on the interoceptive indicators of heroin infusion, the Her-KLH vaccination resulted in extinction of lever pressing behavior upon reescalation (Session × Vaccine interaction: F 8,120 = 4.9, P < 0.001; Fig. 5A ). Repetition of the progressive ratio test shows that Her-KLH-treated rats without visual cues are significantly less willing to work for heroin infusions than KLH controls, and less willing to work than Her-KLH-treated rats with visual cues (F 2,17 = 16.1, P < 0.001; Fig. 5B ). When looking at overall lever pressing during the 6-h period, Her-KLH rats without cues press only a tenth that of KLH-treated rats (t 12 = 3.0, P < 0.01; Fig. 5C ).
Discussion
The performance of our Her-KLH vaccine in heroin-induced CPP, reinstatement, and reescalation of intake suggests that a dynamic vaccine strategy that theoretically presents multiple haptenic epitopes to the immune system may have promising efficacy as an adjunct therapeutic. Indeed, using a condensed vaccination timetable of 30 d, sufficient antibody titers were observed to effectively confine heroin and its targeted metabolites to the bloodstream, because antibodies are incapable of crossing the blood-brain barrier. The distinct lack of correlation between measured titer response and functional blockade is readily reconciled due to the inability of currently available ELISA tools to measure for precise antibody recognition of not only heroin but also its metabolites 6-AM and morphine. Furthermore, the inability of the "static" Mor-KLH vaccine to impact heroin-induced behavioral responses is consistent with the current view of heroin as a brain-permeable prodrug, activated following quick passage across the blood-brain barrier as either heroin or 6-AM, beyond the reach of morphine-specific antibodies. Even when administered outside the bloodstream, the dynamic vaccine antibodies bind heroin and its metabolites as they diffuse through the viscera into the circulation, acting as a sink by sequestering heroin and 6-AM in the bloodstream. The capacity of these antidrug antibodies to prevent the passage of heroin or 6-AM into the brain translated to neutralization of the psychoactive effects across numerous measures, including analgesia, reward, and reinforcement (25) .
One potential limitation of the present study is that heroin reward was measured by a biased place preference procedure where a less than robust place preference could simply reflect reversal of aversion rather than a true reward effect. However, the robust place preference reported here mitigates against such an interpretation because in fact the place preference is significantly higher than simply a reversal of the bias in the initial preference. Nevertheless, one cannot rule out that the reversal of bias may be contributing to the heroin reward effect in the present study. . Her-KLH halts further escalation of intake in heroin-dependent rats, leading to reduced motivation to seek heroin. (A) Rats exposed to extended access heroin self-administration (12 h) escalated their intake to more than triple their initial infusions. Following vaccination, Her-KLH rats selfadminister at prevaccination levels in 12 h sessions, whereas KLH controls further double their heroin intake. Replication without the presence of heroin-associated light cues, relying only on interoceptive stimuli, significantly reduced heroin taking behavior in the Her-KLH rats. After reescalation, Her-KLH rats worked less during a 6 h progressive-ratio test for heroin, resulting in fewer infusions (B) as a result of fewer lever presses (C). n = 6-8 per group. The data are expressed as represent mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.01 difference between KLH and Her-KLH groups (Dunnett's post hoc test for escalation, Tukey's post hoc test for progressive ratio).
# P < 0.05 between Her-KLH cue groups (Tukey's post hoc test). Additionally, we demonstrated that Her-KLH vaccination may have promising therapeutic benefit subsequent to heroin use, preventing further instances of heroin exposure from promoting relapse behavior and blocking the reescalation of compulsive heroin intake with reexposure to extended access. This latter observation is a robust test of the validity of drug-of-abuse vaccines in general in that it represents the clinical situation most likely to be encountered by individuals enrolled in abstinencebased programs. Some persistent heroin self-administration without escalation, even after vaccination, in rats with heroin cues available cannot be merely explained by heroin intake that exceeds the capacity of the vaccine. Rats trained to self-administer heroin will increase their drug-taking several-fold in the presence of pharmacological opioid antagonism in attempts to overcome opioid receptor blockade (35) . Furthermore, in testing the surmountability of the Her-KLH vaccine against cumulative doses of heroin, vaccinated rats required over 10 mg/kg to produce antinociceptive activity; this is roughly five times the lethal dose in naïve rats, and well above that self-administered even by the escalated intake rats over an entire 12-h session (∼6 mg/kg). Thus, previous contextual associations and drugassociated cues may maintain sufficient reinforcing value to sustain some lever pressing. Indeed, upon additional experimentation eliminating drug-predictive cues, we demonstrated that the Her-KLH vaccine can effectively eliminate the motivational valence of heroin psychoactivity, even in the original drug context. Numerous studies have demonstrated that heroin cues and contexts can produce reward activation in the brains of opiate addicts (36, 37) and stimulate dopamine release, which plays a role in the cognitive processing of drug associations (31, 38) . Clearly, behavioral therapy, in conjunction with any vaccine treatment, will be needed to overcome such associative factors and further abate drug-seeking behavior. However, the compelling lack of escalation in intake, or even evidence of extinction, along with blunted responding on a progressive-ratio schedule in the Her-KLH groups demonstrated the dramatic ability of Her-KLH vaccination to prevent the reestablishment of compulsive heroin intake. Although the dynamic heroin vaccine is not targeted to treat the "addicted" brain, it represents a robust tool in the continuous blockade of all heroin activity.
The efficiency of our hapten design is due in part to its unfettered presentation of the metabolically vulnerable portion of the heroin molecule for anti-heroin and anti-6-AM antibodies to evolve during the immune response (25) . By eliciting an array of antibodies that recognize heroin and its metabolites, this dynamic vaccine design produces a coordinated defense against heroin. The ineffectiveness of the Mor-KLH vaccine against heroin across numerous tests, despite effectively binding morphine in the bloodstream, suggests that heroin psychoactivity is mediated by its molecular antecedents entering the brain, and underscores the potential importance of 6-AM to the immediate actions of heroin (20) . The hapten presentation of the current vaccine was developed to mimic heroin's metabolic fate through multihaptenic display via a singular progenitor antigen facilitated by the chosen attachment site on the heroin structure. Other opioids, such as oxycodone, could also be targeted in a similar selective fashion. This approach is becoming increasingly pertinent, with the increase in prescription opiate abuse raising concerns about vaccinated heroin addicts transitioning to alternative opiates. The design of vaccines against oxycodone and hydrocodone were also recently reported (39, 40) , along with examples of effective mixtures of multiple opiate vaccines (21, 41) , pointing to progress that will widen the spectrum of potential opiate blockade via vaccination.
The prospect of heroin vaccine use in the treatment of addiction presents a high-payoff, low-risk opportunity. Drug vaccination requires minimal medical monitoring and compliance to maintain opiate resistance, allowing for greater potential worldwide accessibility. Furthermore, with no impact on endogenous opioid receptor or neurotransmitter function, drug vaccines represent a low risk for long-term side effects. We previously established that opioid analgesics can still be used in the concurrent treatment of pain, and opioid receptor therapy is still available for concomitant use. The current vaccine treatment strategy has been shown to maintain sufficient titers for effective blockade for at least 2-3 mo (25), but because the KLH protein conjugated to the heroin moiety here is not approved for clinical use, it is difficult to predict the level and sustainability of antibody production. Using this modular linker design (25) , synthesis using a clinically approved alternative (i.e., tetanus or diphtheria toxoid) is practicable for development; such carrier protein-heroin hapten conjugates should produce robust and long-term immune response in humans with few immunizations. Although it may not be a "magic bullet" against all aspects of drug addiction, the dynamic nature of our heroin vaccine represents a promising and innovative adjunct therapy in the treatment of heroin addiction.
Materials and Methods
Male Wistar rats (n = 145; Charles River) arrived weighing 250-275 g. The rats were housed three per cage in a temperature-controlled (22°C) vivarium on a 12-h light cycle with ad libitum access to food and water. All procedures adhered to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of The Scripps Research Institute. The production of vaccine haptens, immunization schedules, evaluation of serum titers via ELISA, and behavioral assessment of antinociception using a 54°C hot plate were identical to the procedures of Stowe et al. (25) . Von Frey filaments were tested using the "up-down" method, sufficient for analyses using the nonparametric method of Dixon (42) . Heroin (1 mg/kg) and codeine (50 mg/kg) were evaluated 30 min after s.c. injection, whereas morphine (10 mg/kg), buprenorphine (3 mg/kg), and methadone (5 mg/kg) were evaluated at 60 min. For cumulative dose-response analysis, heroin was given in 1 mg/kg intervals up to 3 mg/kg total, then given in 2 mg/kg intervals, then evaluated 10 min after each injection. Dosing was completed once response latencies of greater than 30 s were observed.
The rats were killed at set times following either a 0.5 mg/kg tail vein or 1.5 mg/kg i.p. heroin injection (2, 5, 10, and 15 min, i.v.; 5, 10, 30, and 60 min, i.p.) using isoflurane followed by rapid decapitation. The LC-MSMS procedures followed those described by Karinen et al. (43) , with methods and parameters (Table S2 ) fully detailed in SI Materials and Methods.
Conditioned place preference paradigm consisted of a two-chambered apparatus, differentiated by wall (dots or stripes) and textured plastic flooring (prismatic or cracked ice), with a small central alley (44) . The rats were video-recorded in 15-min preconditioning sessions and then were scored by a blind observer for the time spent on each side of the apparatus. Because of the limited supply of vaccinated rats, a biased procedure was used, with drug always paired to the least-preferred side. Conditioning consisted of 4 d of counterbalanced morning/afternoon 30-min pairings of saline or test drug (saline, 0.4 mg/kg heroin, 4 mg/kg morphine; all s.c.) while restricted to one chamber. The overall test was balanced by the side initially preferred and test drug. On day 5, the rats were again videotaped while being allowed to freely explore both chambers, and the preference score was calculated as the additional time spent on the drug-paired side following conditioning compared with the initial time.
The rats that required heroin self-administration underwent i.v. catheterization surgery to implant catheters in the right jugular vein, with experiments performed in modular chambers as described (34, 45) . All of the self-administration procedures used 60 μg/kg/infusion unit doses, a 4-s infusion of 100 μL, and a 20-s cue light above the lever denoting a timeout period. Reinstatement rats were trained in 2-h sessions and transitioned to a FR3 schedule over at least 17 sessions, followed by extinction for at least 12 sessions, in which neither lever had any programmed consequences. The rats were vaccinated entirely during the extinction phase. Drug-induced reinstatement was produced by heroin drug priming (180 μg/kg, i.v.) just before the session, but without any programmed consequences for lever pressing. Cue-induced reinstatement was precipitated by reintroduction of the cue light on an FR3 schedule but without infusion or other consequences. Stress-induced reinstatement was performed similarly to Banna et al. (30) , using a yohimbine injection (1.25 mg/kg, i.p.) 30 min before session to induce a stress response.
Reescalation followed published 12-h FR1 extended-access escalation procedures (34), followed by vaccination during a 30-d abstinence period and then reintroduction of 12-h heroin for nine sessions. The rats were given a day off following their final reescalation session and then tested in a 6-h progressive-ratio session. The experiment was exactly replicated, with the exception that the 20-s timeout light cue associated with an active lever infusion was turned off throughout training, escalation, and reescalation.
The hot plate data were transformed to maximum possible effect (%MPE) using a standard formula: (Test -Baseline)/(Cutoff -Baseline) × 100, with a cutoff of 30 s. The statistical analyses of transformed antinociceptive data and CPP scores were performed using between-subjects analysis of variance (ANOVA). Raw antinociception data, reinstatement lever pressing, and reescalation were analyzed by repeated-measures ANOVA, with vaccination as a between-subjects factor. Significant results in the ANOVA were followed by Dunnett's or Tukey's post hoc test where appropriate. Statistical analyses, including calculations of the areas-under-the-curve (AUCs), were performed using either MedCalc 12.3 or SAS Statview 5.0 software. Values of P < 0.05 were considered statistically significant. All of the data are expressed as mean ± SEM.
Preparation of Standards. All of the standard solutions were prepared in acetonitrile and stored at 4°C until analysis. A single internal standard stock solution was prepared for all of the compounds, with a final concentration of 50 ng/mL for each deuterated standard. Calibration standards were prepared at concentrations that ranged from 50 pg/mL to 100 ng/mL, with an internal standard concentration of 50 ng/mL. Table S2 . Her-KLH vaccinated rats show significant increases in the 50% effective concentration (EC 50 ; B), as well as the dose required to obtain maximal antinociception (C). n = 8-9 per group. Data are expressed as mean ± SEM ***P < 0.001, compared with KLH controls. Fig. S4 . Acquisition of heroin self-administration and extinction curves for each vaccination group before reinstatement testing. Rats were trained to press under a fixed-ratio 3 (FR3) schedule of reinforcement (i.e., three lever press to receive a dose of drug) until stable responding was achieved, and then cues. Next, rats underwent extinction session where cues and heroin infusions were not presented upon lever presses. The vaccine groups were split equally based on the final two acquisition sessions. The vaccination process did not significantly alter the rate or magnitude of extinction. n = 9 per group. The data are expressed as mean ± SEM. 49,000 ± 11,000 89,000 ± 48,000 Opioid antinociception 77,000 ± 14,000 77,000 ± 10,000 Hot plate dose-response 181,000 ± 35,000 138,000 ± 32,000 Conditioned place preference 53,000 ± 17,000 77,000 ± 29,000 Reinstatement 61,000 ± 9,000 89,000 ± 11,000 Reescalation (with cues) 40,000 ± 13,000 N/A Reescalation (without cues) 68,000 ± 23,000 N/A 
